Abstract Sprouting and seed elicitor treatments stimulate the biosynthesis of health relevant phenolic bioactives in plants partly by upregulating proline-associated pentose phosphate pathway (PAPPP). This study investigated the upregulation of PAPPP-linked and antioxidant enzyme associated metabolic responses in elicitor-treated barley (Hordeum vulgare L.) sprouts previously established with stimulation of health relevant phenolic bioactives. Barley seeds were treated with bioprocessed elicitors marine protein hydrolysates (GroPro Ò , GP) and soluble chitosan oligosaccharide and germinated under dark conditions. Upregulation of PAPPP and subsequent stimulation of phenolic biosynthesis and antioxidant enzyme responses were monitored at day 2, 4, and 6 of sprouting. High PAPPP-linked antioxidant enzyme responses were observed at early stages of germination with selected doses of GP treatments, especially in cv. Pinnacle. Total soluble phenolic content remained at higher level, while guaiacol peroxidase activity increased over the course of sprouting indicating increased phenolic polymerization to support structural needs of sprouts.
Introduction
Phenolic compounds are an important class of plant secondary metabolites with diverse protective functions towards plant and human health (Naczk and Shahidi, 2004) . Due to their significant antioxidant property, the role of phenolic compounds in human health relevant therapeutic applications has been widely investigated in recent decades (Crozier et al., 2008) . Phenolic biosynthesis in plants is associated with the regulation of the protective pathways such as pentose phosphate (PPP), shikimate, and phenylpropanoid pathways (Shetty and Wahlqvist, 2004) . The first rate limiting step of PPP involves the glucose-6-phosphate dehydrogenase (G6PDH)-catalyzed conversion of glucose-6-phosphate (G6P) to ribulose-5-phosphate, while generating reducing equivalents for other anabolic cellular processes (Shetty and Wahlqvist, 2004) . Based on this rationale, a model was proposed for biosynthesis of phenolic metabolites in plants through up-regulation of protective PPP coupled with active metabolic role of proline under stress (Shetty, 1997) . In proline-associated pentose phosphate pathway (PAPPP) model, the demand for NADPH 2 during proline synthesis from glutamate in the cytosol can potentially increase the NADP ? /NADPH 2 ratio, which favors the activation of G6PDH (Shetty, 2004; Shetty and Wahlqvist, 2004) . Simultaneously, during its oxidation in the mitochondria, proline can potentially act as a reducing equivalent instead of NADH to facilitate ATP synthesis via oxidative phosphorylation (Hare and Cress, 1997) . Therefore, stimulation of the PAPPP can drive carbon flux in the form of erythrose-4-phosphate towards the shikimate and phenylpropanoid pathways, potentially elevating the rate of phenolic biosynthesis (Shetty and Wahlqvist, 2004) . Further, this mechanism may also stimulate various antioxidant enzyme responses to counter stress-induced oxidative damage of cellular structures and their functions (Shetty, 1997; Shetty and McCue, 2003) .
Various novel strategies have been previously investigated in plant models to stimulate protective phenoliclinked antioxidant enzyme responses through upregulation of PAPPP-linked metabolic responses (Randhir et al., 2002; Randhir et al., 2004; Shetty, 2004; Shetty and Wahlqvist, 2004) . Among these strategies, bioprocessed elicitors from natural sources, such as marine protein hydrolysates and soluble chitosan oligosaccharide (COS) have been found to be particularly effective (Orwat, 2016; Sarkar et al., 2011) . Further, PAPPP-linked metabolic responses were especially improved with dark germination, as biosynthetic processes associated with respiration could potentially be favored over photosynthesis, under such conditions (McCue and Shetty, 2002; Orwat, 2016; Randhir et al., 2009 ). In the absence of light, a greater amount of carbon flux derived from the amylolytic degradation of starch, may be channeled towards the PPP (McCue and Shetty, 2002) . Thus, elicitor-primed dark germination of seeds represents a novel approach that may effectively partition carbon flux between primary and secondary metabolic processes and could potentially improve human health relevant phenolic bioactive profile in targeted food crops (Sarkar and Shetty, 2014; Shetty, 2004) . Based on this rationale, dark germination of primed seeds can be employed as an effective and viable strategy to produce grain sprouts with enhanced phenolic bioactive profiles with human health benefits.
Among cereal grains, barley is widely consumed, containing a diverse profile of phenolic metabolites such as hydroxybenzoic, vanillic, syringic, ferulic, coumaric, and sinapic acids that are of relevance to human health, especially due to their high antioxidant potential (Baik and Ullrich, 2008; Idehen et al., 2017) . Therefore, barley is an ideal choice for studying the overexpression of phenolic bioactives through PAPPP mediated metabolic regulation during germination. In a previous study, improvement of phenolic-linked antioxidant and anti-hyperglycemic properties were observed in dark germinated barley sprouts with seed elicitor treatments [(marine protein hydrolysate (GroPro Ò ) and COS] (Ramakrishna et al., 2017) . The major soluble phenolic compounds found in this previous study were catechin, gallic acid, protocatechuic acid, and dihydroxybenzoic acid (Ramakrishna et al., 2017) . Therefore, the aim of this study was to investigate the efficacy of these bioprocessed elicitors (GroPro and COS) in stimulation of human health relevant phenolic biosynthesis and associated antioxidant enzyme responses in dark germinated barley sprouts through upregulation of critical control points of the anabolic PAPPP.
Materials and methods

Chemical reagents
All reagents and enzymes used in this study were purchased from Sigma Aldrich Chemical Co. (St Louis, MO, USA), unless otherwise mentioned.
Bioprocessed elicitors
Two different types of bioprocessed elicitors were targeted in the current study-marine protein hydrolysate derived from seaweed and marine fish extracts (GroPro Ò /GP; Icelandic Bio-Enhancers, Westchester, NY, USA) and soluble chitosan oligosaccharide derived from shells of crustaceans, with ascorbic acid side chains (Kong Poong Bio, Jeju, South Korea). Both elicitors were dissolved in distilled water to obtain solutions of the following concentrations-1 mL/L or 1 g/L (GP1/COS1), 2 mL/L or 2 g/L (GP2/COS2), 5 mL/L or 5 g/L (GP5/COS5) and 10 mL/L or 10 g/L (GP10/COS10). In all, two different elicitors with four different doses were used along with control (distilled water seed treatment).
Seed treatment and germination
Seeds of two malting barley cultivars (Pinnacle-2 row; Celebration-6 row) were obtained from the North Dakota Malting Barley Improvement Program at North Dakota State University (Fargo, ND, USA). The seeds were disinfected in 0.5% sodium hypochlorite solution for 5 min, rinsed 5 times with distilled water and extra water was blotted out using dry paper towels. The disinfected seeds were then transferred to conical flasks containing seed treatment solution (100 mL) and incubated on a rotary shaker at 150 rpm and at room temperature for 8 h. The seed treatment solutions were drained, the seeds were rinsed with distilled water and excess treatment solution was then blotted out with paper towels. Treated seeds were placed in sterile Petri-dishes lined with moist paper towels (10 seeds per plate; 5 plates per treatment) and transferred to an incubator for germination. Internal temperature and relative humidity were maintained throughout the experiment at 20°C and [ 95% respectively. Germination was monitored daily, and the sprouts were moistened as required. The developing dark germinated sprouts were used for biochemical analysis at 2, 4 and 6 days post elicitor treatment.
Sample extraction for total soluble phenolic content and antioxidant activity assays Barley sprouts (100 mg fresh weight F.W.) were transferred to a glass vial containing 95% ethanol (5 mL) and stored at -10°C in the freezer (Sarkar et al., 2009) . After 48 h, samples were homogenized using tissue tearor and centrifuged at 13,000 rpm for 5 min. The supernatant was analyzed to determine the total soluble phenolic content and antioxidant activity of the sprout samples in vitro.
Total soluble phenolic content
Total soluble phenolics content of the barley sprout extracts was measured using the Folin-Ciocalteu (FC) method, modified from Shetty et al. (1995) . Sprout extracts (1 mL) were combined with 95% ethanol (1 mL), distilled water (5 mL), FC reagent (50% v/v; 0.5 mL), and sodium carbonate solution (5% v/v; 1 mL) in a test tube, mixed thoroughly and incubated in the dark for 60 min. Absorbance of the reaction mixtures were measured at 725 nm using a spectrophotometer (Genesys 10S UV-Vis, ThermoFisher Scientific; Waltham, MA, USA). A gallic acid calibration curve was prepared, using standard solutions (10-300 lg/mL) prepared in 95% ethanol, based on which sample absorbance values were converted to total soluble phenolic content and expressed as milligram equivalents of gallic acid per gram fresh weight of tissue sample.
2,2
0 -Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) free radical scavenging assay Antioxidant activity was measured using the ABTS [2, 2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)] radical cation decolorization assay (Re et al., 1999) . A stock solution of 7 mM ABTS containing 140 mM of potassium persulphate was prepared and allowed to mature in the dark at 4°C for 12-16 h before use. Prior to performing the assay, a working solution of ABTS was prepared by diluting the stock solution with 95% ethanol, to adjust its absorbance to 0.70 ± 0.02 units at 734 nm. To determine the antioxidant activity, 1 mL of ABTS working solution was mixed with 50 lL of sprout extract, incubated at room temperature for 2.5 min and absorbance was measured at 734 nm. The antioxidant activity of the sprout extracts was expressed as percentage (%) inhibition of ABTS radical formation and was calculated as per the following formula:
where A Control and A Extract represent the absorbance of the control (95% ethanol) and extract (sample) at 734 nm.
Enzyme extraction
Barley sprouts (200 mg fresh weight; F.W.) were macerated thoroughly using a cold pestle and mortar, placed in an ice bath, with 2 mL of cold enzyme extraction buffer (0.5% polyvinylpyrrolidone (PVP), 3 mM EDTA, and 0.1 M potassium phosphate buffer; pH 7.5) (Sarkar et al., 2009 ). The sample extract was then centrifuged at 13,500 rpm for 10 min and immediately stored on ice. The supernatant was used for further biochemical analysis.
Total protein assay
Protein content was measured using the method described by Bradford (1976) . One part of dye reagent (Bio-Rad protein assay kit II, Bio-Rad Laboratory; Hercules, CA, USA) was diluted with four parts of distilled water. A volume of 5 mL of diluted dye reagent was added to 50 lL of the barley extract; the mixture was then vortexed and incubated in the dark for 5 min at room temperature. The absorbance of the reaction mixture was measured at 595 nm against a blank (5 mL reagent and 50 lL buffer solution) using a Genesys 10S UV-Vis Spectrophotometer (Thermo-Fisher Scientific; Waltham, MA, USA). A calibration curve was prepared with standard solutions of bovine serum albumin dissolved in distilled water (1, 2.5, 5, 7.5, 10 lg/mL), and used to calculate the total protein content of the extracts.
Glucose-6-phosphate dehydrogenase (G6PDH) assay A modified method described by Deutsch (1983) was used. The enzyme reaction mixture containing 5.88 lmol ß-NADP, 88.5 lmol MgCl 2 , 53.7 lmol glucose-6-phosphate, and 0.77 mmol maleimide was prepared. This mixture was used to set the baseline (zero) of the spectrophotometer (Evolution 200 UV-Vis, Thermo-Fisher Scientific; Waltham, MA, USA) reading at 340 nm. To 1 mL of this mixture, 100 lL of the extracted sample was added. The rate of change in absorbance per min was used to quantify the enzyme in the mixture with the help of the extinction coefficient of NADPH (6.22/mM/cm). The activity of G6PDH was expressed in nmol/g protein.
Guaiacol peroxidase (GPX) assay
A modified method described by Laloue et al. (1997) was used to measure the activity of guaiacol peroxidase. The enzyme reaction mixture containing 0.1 M potassium phosphate buffer (pH 6.8), 56 mM guaiacol solution, and 50 mM hydrogen peroxide was used. To 990 lL of this reaction mixture, 10 lL of enzyme sample was added. The absorbance was recorded immediately after the addition of reaction mixture and again after 3 min. The rate of change in absorbance per min was measured using an Evolution 200 UV-Vis spectrophotometer (Thermo-Fisher Scientific; Waltham, MA, USA) and used to quantify GPX activity in the sample based on the extinction coefficient of the oxidized product, i.e. tetraguaiacol (26.6/mM/cm). The activity of GPX was expressed in nmol/g protein.
Superoxide dismutase (SOD) assay
A competitive inhibition assay was performed that used xanthine oxidase generated superoxide to reduce nitrobluetetrazolium (NBT) to blue formazan. Spectrophotometric assay of SOD activity was carried out by monitoring the reduction of NBT at 560 nm (Oberley and Spitz, 1984) . The reaction mixture contained 13.8 mL of 50 mM potassium phosphate buffer (pH 7.8) containing 1.33 mM diethylenetetraaminepentaacetic acid (DETEPAC); 0.5 mL of 2.45 mM NBT; 1.7 mL of 1.8 mm xanthine and 40 IU/ mL catalase. Then 100 lL of phosphate buffer and 100 lL of xanthine oxidase were added to 0.8 mL of reagent mixture. The change in absorbance at 560 nm was measured immediately after adding the reagents and again after 1 min using an Evolution 200 UV-Vis spectrophotometer (Thermo-Fisher Scientific; Waltham, MA, USA). The concentration of xanthine oxidase was adjusted to obtain a linear curve with a slope of 0.024-0.026 absorbance per min. The phosphate buffer was replaced with the sample extract and the change in absorbance was monitored immediately after the addition of reaction mixture and after 1 min. One unit of SOD was defined as the amount of protein that inhibits NBT reduction to 50% of the maximum. The activity of SOD was expressed in units/mg protein.
Catalase (CAT) assay
A method originally described by Beers and Sizer (1952) was used to measure the activity of catalase. To 1.9 mL of distilled water, 1 mL of 0.059 M hydrogen peroxide (Fisher Scientific; Waltham, MA) in 0.05 M potassium phosphate (pH 7.0) was added. This mixture was incubated in a spectrophotometer (Evolution 200 UV-Vis, ThermoFisher Scientific; Waltham, MA, USA) for 4-5 min to achieve temperature equilibration and to establish blank rate. Then 0.1 mL of diluted enzyme was added, and the disappearance of peroxide was followed spectrophotometrically by recording the decrease in absorbance at 240 nm for 1 min. The rate of change in absorbance (DA 240 /min) from the initial linear portion of the curve was calculated. One unit of catalase activity was defined as amount that decomposes one micromole of H 2 O 2 . The activity of CAT was expressed in units/mg protein.
Proline dehydrogenase (PDH) assay
A method described by Costilow and Cooper (1978) was used to measure the activity of proline dehydrogenase. An enzyme reaction mixture containing 100 mM sodium carbonate buffer (pH 10.3), 20 mM L-proline solution and 10 mM NAD was used. To 1 mL of this reaction mixture, 200 lL of enzyme extract was added. The increase in absorbance was measured at 340 nm for 3 min, at 32°C using an Evolution 200 UV-Vis spectrophotometer (Thermo-Fisher Scientific; Waltham, MA, USA). The absorbance was recorded at zero time and then after 3 min. In this spectrophotometric assay, one unit of enzyme activity is equal to the amount causing an increase in absorbance of 0.01 per min at 340 nm (1.0 cm light path). The activity of PDH was expressed in units/mg protein.
Succinate dehydrogenase (SDH) assay
To measure the activity of succinate dehydrogenase a modified method described by Bregman (1987) was used. The reaction mixture containing 1.0 mL of 0.4 M potassium phosphate buffer (pH 7.2), 40 lL of 0.15 M sodium succinate (pH 7.0), 40 lL of 0.2 M sodium azide, and 10 lL of 6.0 mg/mL 2,6-dichlorophenolindophenol (DCPIP) was prepared. This mixture was used to set the baseline (zero) of the spectrophotometer (Evolution 200 UV-Vis, Thermo-Fisher Scientific; Waltham, MA, USA) reading at 600 nm. To 1.0 mL of this mixture, 200 lL of the enzyme sample was added. The rate of change of absorbance per min was used to quantify the enzyme in the mixture based on the extinction coefficient of DCPIP (19.1/ mM/cm). The activity of SDH was expressed in nmol/g protein.
Determination of free proline content using HPLC
High performance liquid chromatography (HPLC) analysis was performed using an Agilent 1260 series liquid chromatograph (Agilent Technologies, Santa Clara, CA, USA) equipped with a diode array detector (DAD 1100). A C-18 analytical column (Agilent Zorbax Eclipse Plus; 4.5 mm 9 250 mm) with a packing material particle size of 5 lm was used as the stationary phase, and a 20 mM ortho-phosphoric acid solution was used as the mobile phase. The column temperature was maintained at 25°C. Each sample extract was eluted isocratically for 10 min, at a flow rate of 1.0 mL/min and free proline was detected at 210 nm. Standard solutions of L-proline dissolved in 20 mM ortho-phosphoric acid were used to prepare the calibration curve. Four replicates were analyzed per sample, and the mean free proline content was expressed in mg/g fresh weight.
Statistical analysis
A completely randomized design (CRD) was used for this study. The sprouts were sampled in triplicate for each run of the assays, and the entire experiment was repeated thrice. Analysis of variance (ANOVA) for the data was performed using the Statistical Analysis Software (SAS; version 9.4; SAS Institute, Cary, NC, USA). Statistically significant differences between elicitor treatments, cultivars, and cultivar 9 elicitor treatment interactions were determined using the Tukey's least mean square test at a confidence level of 95%.
Results and discussion
Total soluble phenolic content and antioxidant activity
Phenolic compounds are mostly found in the hull and aleurone layers of cereal grains bound to cell wall polysaccharides such as arabinoxylans providing structural support (Baik and Ullrich, 2008) . Previous studies have reported that seed treatment with bioprocessed elicitors prior to sprouting further enhanced the total soluble phenolic (TSP) content of various cereal grains and legumes (Randhir et al., 2002; Randhir et al., 2004) , which may have relevance in improving the health oriented functionality of grain sprouts. In our previous study with barley sprouts to investigate hyperglycemia related health benefits, improvement of TSP and individual phenolic acids (catechin, gallic acid, protocatechuic acid, and dihydroxybenzoic acid) content were observed with seed elicitor treatments (Ramakrishna et al., 2017) . However, the TSP content and individual phenolic acid content of barley sprouts did not always change proportionately (Ramakrishna et al., 2017) . Therefore, in this study the metabolic control associated with TSP content of dark-germinated barley sprouts was investigated. In the current study, the TSP content of sprouts of both Celebration and Pinnacle slightly reduced from day 2 to day 4, followed by a subsequent increase at day 6 post seed elicitor treatments (Table 1 ). The TSP content of sprouts of cultivar Celebration was found to be statistically higher than that of Pinnacle at day 4 (p \ 0.05). However, at day 2 and 6, TSP content was found to be statistically at par between the two cultivars. Previously, Ramakrishna et al. (2017) found high TSP content at day 2 in aqueous extracts of Pinnacle and Celebration sprouts following GP and COS seed elicitor treatments. Similarly, fish protein hydrolysates, lactoferrin, and oregano extracts also elicited TSP content in 1-day old mung bean sprouts, followed by a gradual decline in TSP content as sprouting progressed (Randhir et al., 2004) . This trend may be attributed to an increase in TSP content immediately after the sprouting induced activation of the seed, due to cleaving and solubilization of cell-wall bound phenolics, as well as the biosynthesis of new phenolic compounds to meet the anabolic needs of the developing plants (Singh and Sharma, 2017) . The decline of TSP content over further seedling emergence may be linked to the conversion of simple soluble phenolics to more complex insoluble compounds of greater molecular weight, associated with developmental processes such as lignification (Randhir et al., 2004) . However, in the current study, such a pattern of decline in TSP content was not observed over the course of sprouting and TSP content remained comparatively high. In our previous study (Ramakrishna et al., 2017) , gallic acid was reported as the most dominant simple phenolic acid in all barley sprout samples, across cultivars and treatment types. Furthermore, the gallic acid content of the sprout samples was found to increase during dark germination over 6 days. Additionally, the content of catechin was found to be improved in barley sprouts in response to specific elicitor treatments (GP5, GP10 and COS5). Ramakrishna et al. (2017) also observed cultivar specific differences in the contents of individual phenolic acids. Sprouts of the cultivar Pinnacle demonstrated a higher content of dihydroxybenzoic acid in comparison with those of Celebration. Protocatechuic acid was predominantly found in Celebration sprouts at all time points, whereas it was detected at lower concentrations and only at day 6 in Pinnacle sprouts. The response observed in this particular study indicated the influence of genotype 9 environment interactions on the phenolic acid composition and their relative individual content, in addition to the effects of seed elicitor treatments. The high baseline value of TSP content in the current study over the period of germination and sprouting might have relevance for targeting barley sprout from different stages for designing phenolic bioactive enriched functional foods. However, no significant differences in TSP content were observed due to cultivar 9 elicitor treatment interaction at day 2 and 4. However at day 6, sprouts of cv. Pinnacle treated with GP1 (GroPro 1 mL/L) had significantly higher TSP content when compared to the control and other seed elicitor treatments (p \ 0.05). For Celebration barley sprouts COS1 seed treatment had significantly higher TSP content, however it was at par with respective control. Previously, seed treatment with fish protein hydrolysates (5 mL/L) elicited the phenolic biosynthetic during the later stages of sprouting in primed sprouts of corn (Randhir and Shetty, 2005) , while in mung bean sprouts 1 mL/L treatment corresponded with maximum phenolic stimulation on day 1 post priming (Randhir et al., 2004) . Such variability could potentially arise from differences in response between monocots and dicots and anabolic demands of the developing plants during sprouting.
The ability of phenolic compounds to function as effective antioxidants and free radical scavengers is an important aspect of their biological activity, and it is vital for countering any deleterious deviations from optimal cellular redox homeostasis in plant tissues (Rice-Evans et al., 1997). Previous studies observed that elicitor-mediated stimulation of TSP content has corresponded with a simultaneous increase in the free radical scavenging capacities of sprout extracts of grains and legumes such as corn, pea, and mung beans (Andarwulan and Shetty, 1999; Randhir et al., 2004; Randhir and Shetty, 2005 ). In the current study antioxidant activity of the dark germinated sprouts was found to be highest at day 2, and steadily decreased over the course of sprouting (Table 1) . A similar trend was observed in corn sprouts (Randhir and Shetty, 2005) , where antioxidant activity (based on DPPH assay) was found to be highest at early stages of germination. Respiration is the dominant physiological process in the seed tissues immediately after water imbibition, which can lead to elevated levels of free radical generation and therefore necessitating a greater demand for antioxidants during this time (Randhir and Shetty, 2005) . In earlier studies, declining antioxidant activity of barley and mung bean sprouts has corresponded with a decrease in TSP content (Ramakrishna et al., 2017; Randhir et al., 2004) . The antioxidant activities of the two cultivars used in this study were significantly different at all three timepoints (p \ 0.05). Pinnacle had significantly higher antioxidant potential at days 2 and 6, whereas Celebration was higher at day 4. At all time points, significant differences were observed in antioxidant activity due to cultivar 9 treatment interactions. At day 2 and 4, higher antioxidant activity was observed in control. However, at day 6, higher total antioxidant activity in Pinnacle sprouts was observed with GP1 seed elicitor treatment, while in cv. Celebration, GP10 had significantly higher antioxidant activity when compared to the respective control. For cv. Pinnacle, same elicitor treatment (GP1) resulted in higher TSP content at day 6 which has significant relevance for improving phenolic-linked antioxidant activity in dark germinated barley sprouts. Therefore, GroPro in lower doses (1 mL/L) can be targeted further to induce phenolic-linked antioxidant activity in barley sprout, especially at later sprouting stages. Such improvements in antioxidant activity may be linked to the increase in the content of specific soluble Different lowercase letters indicate significant differences in TSP content and antioxidant capacity activities due to cultivar 9 treatment interactions, during the corresponding sampling time point, at 95% confidence level phenolic acids (Ramakrishna et al., 2017) , rather than the total phenolic content of the sprouts.
Glucose 6 phosphate dehydrogenase (G6PDH) and succinate dehydrogenase (SDH) activity
The pentose phosphate pathway (PPP) is a critical protective pathway through which carbon flux are channeled into various anabolic pathways such as shikimic acid and phenylpropanoid pathways and leads to phenolic biosynthesis. The first rate limiting step of the PPP is the oxidation of glucose-6-phosphate to 6-phosopho-glucose-dlactone, catalyzed by G6PDH. Consequently, G6PDH activity in a specific tissue can be indicative of the amount of carbon flux from primary metabolism that is being potentially directed towards secondary metabolic pathways, including phenolic biosynthesis (Shetty and Wahlqvist, 2004) . In barley sprouts of cv. Celebration and Pinnacle, G6PDH activity was at the highest levels at day 2 post seed elicitor treatments following which it steadily declined over the course of sprouting (Fig. 1A, B) . Overall, Pinnacle sprouts had higher G6PDH enzyme activity than Celebration sprouts at all time points (at day 2, 4, and 6). At day 2, GP 10 treated Pinnacle sprouts had significantly higher G6PDH activity compared to its corresponding control as well as other elicitor treatments (p \ 0.05). At day 4, G6PDH activity of most GP treated Pinnacle sprouts were significantly higher than that of Celebration sprouts with the exception of the GP2 seed elicitor treatments where it was statistically at par. No significant differences in G6PDH activities between Celebration and Pinnacle sprouts were observed at day 6.
Previously, Randhir and Shetty (2005) found that corn seeds primed with fish protein hydrolysate (5 mL/L) had similar results whereby G6PDH activity was highest at the early stages of germination (day 3 post treatment), before declining in the intermediate stages. This may be attributed to elevated levels of carbohydrate solubilization and mobilization to meet the anabolic and energy demands of the developing seedling (Singh and Sharma, 2017) . Furthermore, Randhir et al. (2004) also reported a positive correlation between G6PDH activity and TSP content in the intermediate stages of sprouting in elicitor treated mung bean sprouts, indicating the potential role of PPP upregulation in promoting phenolic biosynthesis. However, in the current study, TSP content maintained at higher level from day 2 to day 6, while G6PDH activity declined concurrently during the course of sprouting.
Succinate dehydrogenase (SDH) is a critical redox enzyme that couples the oxidation of succinic acid to fumaric acid in Kreb's cycle with the reduction of ubiquinone to ubiquinol in the mitochondrial electron transport chain (ETC), accompanied by the formation of reducing equivalents (FADH 2 ) and ATP (Huang and Millar, 2013) . The activity of SDH activity was measured to evaluate whether the COS and GP elicitor treatments could upregulate the activity of Kreb's cycle and overall respiration rate (Sarkar et al., 2011) . For both barley cultivars, SDH activity was found to increase from day 2 to the highest level at day 4, before subsequently decreasing to the lowest level at day 6 ( Fig. 2A, B) . Among cultivars, sprouts of Pinnacle had higher SDH activity than those of Celebration at day 2 and 4, but statistically significant differences in SDH activity were observed only at day 2. However, at day 6 Celebration sprouts had higher SDH activity than those of Pinnacle for most seed elicitor treatments.
Statistically significant difference in SDH activity due to cultivar 9 treatment interaction was observed only at day 2. At day 2, GP5 treated Pinnacle sprouts had the highest SDH activity (1.11 nmol/mg protein). However, this value was statistically at par with the SDH activities of other Pinnacle sprouts treated with other doses of GP, as well as those treated with COS1 and COS2. The improvement of both G6PDH and SDH activity at day 2 in Pinnacle with GroPro seed elicitor treatments (GP10 and GP5) might have relevance for mobilization of carbon flux through PPP and Kreb's cycle to meet higher energy demands during germination and seedling emergence of barley. Therefore, GroPro can be targeted in selective doses to upregulate PPP to support anabolic needs during germination and seedling emergence of barley and other grain sprouts.
Proline content and proline dehydrogenase (PDH) activity
The free proline content of dark germinated barley extracts was measured to evaluate the modulation of proline metabolism and its coupling with PPP, in response to seed elicitor treatments. The free proline content of dark germinated sprouts of Celebration and Pinnacle was found to decline over the course of germination, with the highest levels being observed at day 2 (Fig. 3A, B) . Extracts of Celebration sprouts treated with all doses of COS, as well as GP1 and GP10 treatments were found to have higher proline content than Pinnacle sprouts with same doses of elicitor treatments. In this study, Celebration sprouts treated with GP1 and GP10 had the highest free proline content at day 2 and 4. Overall, significantly higher proline content was observed in Pinnacle at day 2, while it was higher in Celebration at day 6. However, significant differences in proline content due to cultivar 9 treatment interactions were not observed at any stage of the study.
The enzyme PDH catalyzes the oxidation of L-proline to pyrroline-5-carboxylate in the mitochondria. Activity of the PDH in the barley sprouts was measured to assess the degree of cellular proline oxidation, and thereby to evaluate the role of elicitor treatments in upregulating proline mediated mitochondrial ATP synthesis. The highest PDH activity of dark germinated barley sprouts were observed at day 2. Activity of PDH decreased rapidly from day 2 to day 4, before reaching an intermediate level at day 6 (Fig. 4A,  B) . At day 2, Celebration sprouts treated with COS1, COS2, and GP10 elicitor treatments were found to have significantly higher PDH activities than that of the corresponding control and other treatments. However, differences in PDH activity due to cultivar 9 treatment interactions were found to be statistically significant only in the early stages of sprouting (day 2), and not in the intermediate or later stages. Fig. 1 Glucose-6-phosphate dehydrogenase (G6PDH) activity (nmol/mg protein) of dark germinated barley sprouts of cultivars Pinnacle (A) and Celebration (B) at day 2, day 4, and day 6 following seed elicitor treatments (GroPro and COS). Different lowercase letters indicate significant differences in G6PDH activity between cultivar 9 treatment interactions, during the corresponding sampling time point, at 95% confidence level Overall, the trend observed for PDH activity during sprouting is very similar to that of free proline content. Therefore, the observed trends indicate that the seed treatment with seed elicitors such as COS and GP may play a potential role in stimulating proline oxidation by PDH which has relevance for improving abiotic stress modulation of food crops. Such active metabolic role of proline may support proline-linked ATP synthesis in the early stages of sprouting to meet the energy demand in the developing barley and other grain seedlings.
Guaiacol peroxidase (GPX), catalase (CAT) and superoxide dismutase (SOD) activity
The effect of COS and GP seed elicitor treatments on stimulating the protective antioxidant enzyme responses in Fig. 2 Succinate dehydrogenase (SDH) activity (nmol/mg protein) of dark germinated barley sprouts of cultivars Pinnacle (A) and Celebration (B) at day 2, day 4, and day 6 following seed elicitor treatments (GroPro and COS). Different lowercase letters indicate significant differences in SDH activity between cultivar 9 treatment interactions, during the corresponding sampling time point, at 95% confidence level. Bars without lowercase letters do not have statistical significant differences between cultivar 9 treatment interactions at 95% confidence level barley sprouts at various growth stages was investigated by measuring the activities of GPX, SOD, and CAT enzyme activities. Peroxidases such as GPX are responsible for the polymerization of phenolic compounds by catalyzing the formation of oxidation-mediated cross linkages between phenolic precursors, during the biosynthesis of lignin in plant cell walls (Morales and Barceló, 1997) .
The activity of GPX increased steadily over the course of sprouting, with the highest levels being observed at day 6 post seed elicitor treatments (Table 2A) . The concurrent increase in GPX activity with the development of the barley seedlings is consistent with the trends observed in various other elicitor treated sprouts of corn, fava bean, black bean, velvet bean, and mung bean (Orwat, 2016; Randhir et al., 2004; Randhir et al., 2009; Randhir and Fig. 3 Total proline content (mg/g FW) of dark germinated barley sprouts of dark germinated barley sprouts of cultivars Pinnacle (A) and Celebration (B) at day 2, day 4, and day 6 following seed elicitor treatments (GroPro and COS) . This can be attributed to the increasing necessity for lignification whereby free phenolics are utilized for the formation of robust polymeric complexes to lend structural and mechanical support and defense against environmental stresses to the growing plant. The early stages of germination are associated with the mobilization and production of phenolic precursors for the anabolic needs of the emerging seedling, because of which GPX levels are expected to have relatively low levels of activity (Randhir and Shetty, 2003) . Dark germinated Pinnacle sprouts had higher GPX activity than those of Celebration. GroPro treated sprouts showed higher GPX activity at day 2 and 4 post seed treatment, while COS treated sprouts exhibited higher GPX activity in the later stages. Differences in GPX activity due to cultivar 9 treatment Fig. 4 Proline dehydrogenase (PDH) activity (unit/mg protein) of dark germinated barley sprouts of cultivars Pinnacle (A) and Celebration (B) at day 2, day 4, and day 6 following seed elicitor treatments (GroPro and COS). Different lowercase letters indicate significant differences in PDH activity between cultivar 9 treatment interactions, during the corresponding sampling time point, at 95% confidence level. Bars without lowercase letters do not have statistical significant differences between cultivar 9 treatment interactions at 95% confidence level interactions were statistically significant (p \ 0.05) at day 4 and 6.
Superoxide dismutase (SOD) regulates the elimination of highly deleterious superoxide free radicals by catalyzing its conversion to molecular oxygen and hydrogen peroxide and is critical to maintaining cellular redox homeostasis. It is a key component of the enzymatic antioxidant response mechanism that aids plants in overcoming ROS mediated cellular damage induced by biotic and abiotic stresses (Sarkar et al., 2011) . During sprouting, the highest level of SOD activity was observed at day 6 for all combinations of cultivars 9 elicitor treatments (Table 2B) . Among the cultivars, Pinnacle sprouts demonstrated significantly higher SOD activity when compared to Celebration (p \ 0.05). High SOD activity of Pinnacle also positively correlated with G6PDH activity, TSP content, and total antioxidant activity.
Catalase is another key antioxidant enzyme which catalyzes the decomposition of hydrogen peroxide to water and oxygen, thereby aiding in protecting sub-cellular structures from the toxic effects of excessive hydrogen peroxide accumulation (Sarkar et al., 2011) . In this study, the observed levels of CAT activity varied widely among cultivars across all time points (Table 2C ). Significant differences in CAT activity due to cultivar 9 treatment interactions were observed at day 2 and 4 (p \ 0.05). However, at day 4, CAT activity of Celebration sprouts was significantly higher than those of Pinnacle. Whereas the CAT activity of Celebration sprouts treated with COS2 and COS5 treatments were found to be statistically at par Different lowercase letters indicate significant differences in enzyme activities due to cultivar 9 treatment interactions, during the corresponding sampling time point, at 95% confidence level with the corresponding control treatment. However, it was significantly higher than that most GP treatments. From the trends observed in this study, it was evident that while seed treatment with elicitors did influence the activity of key antioxidant enzymes to varying extents, their response was cultivar specific (genetic make-up). Overall, the results of the current study indicate that GPX antioxidant enzyme has more relevance during germination and sprouting stages of barley and seed elicitor treatments in selective doses can be targeted to improve the antioxidant enzyme responses of some barley cultivars. Sprouting has become a good strategy for functional food enrichments as many nutrients are mobilized or have higher bioavailability for assimilation during germination and seedling emergence of cereal grains and legumes. Therefore, sprouting in combination with seed elicitation strategy offers a cost-effective approach for improving phenolic biosynthesis and antioxidant enzyme responses through up-regulation of critical protective pathways such as PAPPP-linked metabolic regulation. In previous study, improvement of phenolic-linked antioxidant and anti-hyperglycemic functions was observed in dark germinated barley sprouts with seed elicitor treatments (GP and COS) (Ramakrishna et al., 2017) . Based on this previous finding, the current study investigated the critical control points of PAPPP-linked metabolic responses for stimulating phenolic biosynthesis and antioxidant enzyme responses in dark germinated barley sprouts following seed elicitor treatments. Overall, PAPPP-linked improvement of phenolic biosynthesis and antioxidant enzyme response was observed in dark germinated barley sprouts with selected doses of GP as seed elicitor treatment. However, the response was more prominent in cv. Pinnacle when compared to the cv. Celebration barley sprouts which indicates that seed elicitation response might be cultivar specific (genetic make-up). Further studies are required with other barley cultivars or with other grains for further advancing this concept. However, bioprocessed elicitors such as GP can be targeted in selected doses to improve phenolic biosynthesis and antioxidant enzyme responses in barley and other grain sprouts which have dual function relevance in improving stress resilience in food crops and to enhance human health relevant bioactive profiles in plant-based foods.
